like peptide-1 (GLP-1) and peptide YY (PYY) are anti-diabetes/obesity hormones secreted from the gut after meal ingestion. We have shown that dietary-resistant starch (RS) increased GLP-1 and PYY secretion, but the mechanism remains unknown. RS is a fermentable fiber that lowers the glycemic index of the diet and liberates short-chain fatty acids (SCFAs) through fermentation in the gut. This study investigates the two possible mechanisms by which RS stimulates GLP-1 and PYY secretion: the effect of a meal or glycemic index, and the effect of fermentation. Because GLP-1 and PYY secretions are stimulated by nutrient availability in the gut, the timing of blood sample collections could influence the outcome when two diets with different glycemic indexes are compared. Thus we examined GLP-1 and PYY plasma levels at various time points over a 24-h period in RS-fed rats. In addition, we tested proglucagon (a precursor to GLP-1) and PYY gene expression patterns in specific areas of the gut of RS-fed rats and in an enteroendocrine cell line following exposure to SCFAs in vitro. Our findings are as follows. 1) RS stimulates GLP-1 and PYY secretion in a substantial day-long manner, independent of meal effect or changes in dietary glycemia. 2) Fermentation and the liberation of SCFAs in the lower gut are associated with increased proglucagon and PYY gene expression. 3) Glucose tolerance, an indicator of increased active forms of GLP-1 and PYY, was improved in RS-fed diabetic mice. We conclude that fermentation of RS is most likely the primary mechanism for increased endogenous secretions of total GLP-1 and PYY in rodents. Thus any factor that affects fermentation should be considered when dietary fermentable fiber is used to stimulate GLP-1 and PYY secretion.
short-chain fatty acids; gene regulation; promoter; gut hormone; nutrition GLUCAGON-LIKE peptide-1 (GLP-1) and peptide YY (PYY) are gut-secreted peptides that have been proposed as potential anti-diabetes/obesity drugs. These two hormones are also naturally secreted in response to meal ingestion, but they degrade rapidly after endogenous secretion or exogenous injection (3, 5, 31, 38, 43) . Thus pharmaceutical means to maintain substantial high plasma levels of GLP-1 and PYY are intensely targeted (6, 11, 16, 31, 38, 44) .
Resistant starch (RS) is a dietary fermentable fiber that has previously been reported to increase plasma total GLP-1 and total PYY in animals. These increases have been confirmed in all animal models tested in our laboratory, including mice and rats of both sexes at different ages (23, 45) . However, the mechanism is unclear.
Dietary RS resists digestion in the small intestine and, instead, is fermented in the large intestine (17, 22) . It lowers the glycemic index of the diet and produces short-chain fatty acids (SCFAs) in the large intestine through fermentation (4, 24) . Both actions could potentially influence GLP-1 and PYY secretion. In the present study, we tested these two possible mechanisms by which dietary RS regulates GLP-1 and PYY secretion. 1) Because GLP-1 and PYY secretions are stimulated by nutrient availability in the gut, the timing of blood sample collections could influence the outcome when two diets with different glycemic indexes are compared. Thus we examined GLP-1 and PYY plasma levels at various time points over a 24-h period in rats fed an RS diet. 2) We tested proglucagon (the gene that encodes GLP-1) and PYY gene expression patterns in specific areas of the gut in RS-fed rats and in an enteroendocrine (STC-1) cell line following exposure to SCFAs in vitro. 3) We showed that glucose tolerance was improved in diabetic mice fed RS, an indicator of improved GLP-1 and PYY activity.
Understanding how dietary RS modulates GLP-1/PYY secretion will provide an explanation for equivocal results reported in humans trials. It will also provide insight for development of pharmaceutical/nutritional alternatives for maintaining substantial high plasma levels of GLP-1 and PYY.
MATERIALS AND METHODS
Animals, housing conditions, and diets: studies 1, 2, and 5. All animals were housed in a humidity-and temperature-controlled room (22 Ϯ 2°C, 65-67% humidity) on a 12:12-h light-dark cycle with free access to food and water. For studies 1 and 2, Sprague-Dawley rats (Harlan Sprague Dawley, Indianapolis, IN) were individually housed in suspended wire-bottom cages. For study 5, C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME) were housed as a group in shoe-box cages. All animals were fed semipurified powder diets prepared in our laboratory. The control and RS diets (Table 1) were based on the AIN-93 diet formula for laboratory rodents (37) . Animal protocols were approved by the Pennington Biomedical Research Center and the Louisiana State University Animal Care and Use Committees.
Cell culture: studies 3 and 4. STC-1 cells, an enteroendocrine intestinal cell line (kindly provided by Dr. D. Hanahan, University of California, San Francisco, CA), were grown in DMEM containing 15% horse serum, 2.5% fetal bovine serum, 100 U/ml penicillin, and 100 mg/l streptomycin (GIBCO-BRL, Grand Island, NY). HEK-293 cells were grown in DMEM containing 5% fetal bovine serum. STC-1 and HEK-293 cells were incubated at 37°C with 95% O 2-5% CO2. Studies were performed 24 -48 h (STC-1) or immediately (HEK-293) after the cells were plated. Cells were at 80 -90% confluence when treatment began. Butyrate, propionate, and acetate (Sigma, St. Louis, MO) were diluted with PBS buffer, and the doses used in the cell culture were similar to their physiological concentrations determined in RS-fed animals (23, 25) .
Hormone measurements. Trunk blood from each rat was collected in chilled EDTA tubes. No inhibitors were added, and the blood was centrifuged at 2,000 g for 15 min at 4°C. Plasma total GLP-1, total PYY, and insulin were measured by RIA kits (Millipore, St. Charles, MO). Since the commercial RIA kits that measure the active form of GLP-1 were not available at the time of study, dipeptidylpeptidase-4 (DPP-4), the enzyme that rapidly degrades the active form of GLP-1, was measured. Plasma DPP-4 enzymatic activity was determined spectrophotometrically, with Gly-Pro p-nitroanilide p-toluene sulfonate used as the substrate (13, 28) . Plasma glucose was measured using a QuantiChrom glucose assay kit (BioAssay Systems, Hayward, CA).
Effect of dietary RS on plasma total GLP-1 and total PYY during a 24-h period in rats: study 1. The aim of study 1 was to determine whether the differences in glycemic index between the control and RS diets or the effect of a meal can influence the plasma levels of GLP-1 and PYY in RS-fed rats. One hundred adult male Sprague-Dawley rats were divided into two dietary groups and fed the control or the RS diet for 10 days. After 10 days, rats from each group were killed rapidly by decapitation at different times throughout the day (Ϫ1, 1, 3, 7, 11, 15, and 19 h after onset of the dark cycle, n ϭ 7-8 for each dietary group at each time point). Total GLP-1, total PYY, glucose, insulin, and DPP-4 enzyme activity were measured. Food intake was recorded for 2 days before the end of study 1 by measurement of food jar weight and spillage for each rat. Body weight was recorded and fat pads were weighed at the end of study 1. Effect of dietary RS on gut proglucagon and PYY gene expression in rats: study 2. The aim of study 2 was to determine the location(s) in the gut where dietary RS stimulates proglucagon and PYY gene expression. For identification of the role of fiber in the RS diet, an additional fiber control group was added in study 2. The rats in the fiber control group were fed a diet with nonfermentable methylcellulose replacing the control cornstarch to reach fiber levels similar to those in the RS diet [38 -40% fiber (wt/wt)]. Except for the differences in starch and fiber, the dietary components were the same for all diets (23) . Therefore, although the fiber contents of the RS and the fiber control diet were similar, a fermentable fiber was used in the RS diet and a nonfermentable fiber was used in the fiber control diet.
Thirty adult female rats were assigned to one of three diet treatment groups (n ϭ 10 each group), control, RS, and fiber control, for a 32-day study. At the end of the study, epithelial cells from the stomach, duodenum, jejunum, ileum, cecum, and colon of each rat were collected for total RNA extraction and mRNA expression by real-time RT-PCR (23, 45) . Proglucagon and PYY gene expression was measured in the jejunum and distal gut (ileum, cecum, and colon). To compare the effects of RS on gene expression in the proximal and distal parts of the gut, we also measured ghrelin mRNA in the stomach and CCK mRNA in the duodenum.
The animals and methods used in study 2 are slightly different from those used in study 1, because we previously justified that such minor modifications do not change the interpretation of the study. We previously observed a consistent increase in GLP-1 and PYY in different animal models that were fed RS and subjected to different methods, including rats and mice of both sexes, compared with those fed two different control diets (regular AIN-93 rodent diet or a control diet with a diluted energy density equal to that of the RS diet) (23) . Therefore, female rats were used, and diets were fed for a longer time to maximize the effect of RS on decreasing body fat accumulation. The body fat and food intake results from the present study were reported in our previous publication (23) , which focused on body fat regulation, but not on proglucagon and PYY gene location in the gut.
Direct in vitro stimulating effects of SCFAs on proglucagon gene expression: study 3. The aim of study 3 was to test the direct effects of fermentation products on proglucagon gene expression in vitro. STC-1 cells were incubated in normal-pH (pH 7.5) or low-pH (pH 6.0) medium with different concentrations of butyrate (0.016, 0.08, and 0.4 mM), propionate (0.1 and 1.0 mM), and acetate (3.0 and 30 mM) for 24 h. At the end of treatment, total RNA from STC-1 cells was extracted for measurement of proglucagon mRNA. PYY mRNA is undetectable in STC-1 cells (unpublished observation).
Direct in vitro stimulating effects of SCFAs on PYY promoter activity: study 4. The aim of study 4 was to test the direct effect of SCFAs on PYY gene expression in vitro. Because, on the basis of our search, no cell lines express the PYY gene naturally, HEK-293 cells transfected with PYY promoter were used in study 4. Because HEK-293 cells grow poorly in low-pH (pH 6.0) medium, they were incubated in normal-pH (pH 7.5) medium. PYY-luciferase gene reporter constructs Ϫ770/ϩ37 and Ϫ127/ϩ37 were a gift from Prof. Leiter (Tufts University, Boston, MA). Preliminary results showed that PYY promoter activation by butyrate (10 mM), propionate (10 mM), and acetate (30 mM) was the same in HEK cells transfected with construct Ϫ770/ϩ37 and HEK cells transfected with construct Ϫ127/ϩ37. Thus the construct Ϫ127/ϩ37 was used for subsequent studies. HEK-293 cells were transfected with 0.4 g of DNA using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). The dose-response study was conducted 24 h after transfection. Cells were treated with different levels of each SCFA (0.08, 0.4, 2, 10, and 20 mM butyrate; 0.01, 0.1, 1, and 10 mM propionate; 0.3, 3, and 30 mM acetate) for 20 h. For the time-response study, transfected cells were treated with one of three SCFAs, butyrate (2 mM), propionate (10 mM), or acetate (30 mM), for 1, 3, 8, 12, 24, or 48 h. At the end of treatment, cells were harvested in lysis buffer (luciferase assay system; Promega, Madison, WI), and luciferase activity was determined with a luminometer (Microlumat Plus, Berthold Technologies) and normalized to the protein content of the cells.
Oral glucose tolerance test in streptozocin-induced diabetic mice fed RS: study 5. The aim of study 5 was to determine whether dietary RS can improve glucose tolerance in a diabetic animal model. A well-established diabetic mouse model induced by multiple low-dose Amioca cornstarch (100% amylopectin) and Hi-Maize 260 were used for control and resistant starch (RS) diets, respectively; both starches were provided by National Chemical and Starch Company (Bridgewater, NJ). Metabolizable energy values were 3.5 kcal/g for Amioca cornstarch (data provided by National Starch and Chemical) and 2.8 kcal/g for Hi-Maize 260 (unpublished data based on bomb calorimetry). RS content in the diet was calculated on the basis of the amount of Hi-Maize (56% RS) used.
streptozocin (STZ) injections (18, 27) was used. Adult male C57BL/6J mice were fed the control or the RS diet for 10 days. Then the mice were injected intraperitoneally with 0.5 M citrate buffer (pH 4.5) or STZ (40 mg/kg in citrate buffer, 0.1 ml/10 g body wt) for 5 consecutive days while continuing to consume the diets. Blood glucose was monitored daily by tail bleeding during the injection to ensure that hyperglycemia was established for STZ-injected mice. At 4 days after the last STZ injection, all mice were fasted for 5 h during the light period and gavaged with a glucose solution (50 mg glucose/ mouse). The blood glucose levels were measured at 0, 15, 30, 45, 60, 90, and 120 min after the glucose gavage, and the area under the curve (AUC) during the oral glucose tolerance test (OGTT) was examined.
Statistical analysis. Values are means Ϯ SE. One-way ANOVAs with post hoc adjusted Tukey's tests were used to determine statistical significance among the groups. For the OGTT, AUC was determined by calculation of the entire AUC ["total-area" AUC method (35) ].
RESULTS
Plasma total GLP-1 and total PYY were increased over a 24-h period at every sample collection time point in RS-fed rats (Fig. 1) . After the rats from study 1 were fed RS diets for 10 days, their body fat was significantly lower than that of the control-fed rats and their food intake was similar to that of the control-fed rats ( Table 2 ). Plasma total GLP-1 (Fig. 1A) and total PYY (Fig. 1B) in RS-fed rats were significantly elevated at every sample collection time point over a 24-h period compared with the control rats that were fed a diet with the same energy density (P Ͻ 0.01). DPP-4 activity (Fig. 1C) was not different between the two dietary treatment groups. As we expected, there was less fluctuation in glucose (Fig. 1D) and insulin (Fig. 1E ) over the 24-h period in the RS-fed rats than in the control-fed rats because of the lower glycemic index of the RS diet. However, these differences did not change the dietary RS-induced sustained elevation of GLP-1 and PYY. Also, the significantly higher levels of GLP-1 and PYY were observed in dark and light periods. Thus the day-long increases in GLP-1 and PYY in RS-fed rats are not due to meal effects, the differences in postprandial dietary glycemic indexes of the two diets, or timing of sampling; rather, the increases are more likely the result of a factor that persisted throughout the day. We next examined proglucagon and PYY gene expression in different parts of the gut.
Proglucagon and PYY mRNA expression was higher in the cecum and colon, where RS fermentation occurs in rats (Fig. 2) . Along with increased plasma total GLP-1 and PYY (23), proglucagon ( Fig. 2A) and PYY (Fig. 2B ) gene expression was significantly increased in the cecum and colon in RS-fed group compared with the control and nonfermentable fiber control groups. Interestingly, dietary RS did not affect proglucagon and PYY gene expression in the ileum, although the highest noninduced expressions for both genes were detected in the ileum. In contrast, ghrelin mRNA expression in the stomach and CCK mRNA expression in the duodenum were not different between the three groups (Fig. 2C) , which suggests that RS has no effect on the upper gut. Thus the Fig. 1 . Total glucagon-like peptide-1 (GLP-1), total peptide YY (PYY), dipeptidylpeptidase-4 (DPP-4) activity, blood glucose, and insulin in rats fed control diet (ᮀ) or resistant starch (RS) diet (■) ad libitum for 10 days in study 1. Total GLP-1 and total PYY in RS-fed rats were significantly increased compared with controls (P Ͻ 0.01) at every sample collection time point over a 24-h period. DPP-4 activity was not significantly different between the groups at all time points. Blood glucose was similar between the groups, except at 1 time point. Insulin in RS-fed rats was lower at 2 time points than in controls. OD, optical density. Values are means Ϯ SE (n ϭ 6 -8 for each group at each time point). *P Ͻ 0.05 vs. control at the same time collection point. Values are means Ϯ SE. Body fat was calculated as the sum of epididymal fat, perirenal fat, and retroperitoneal fat; 48-h cumulative food intake was measured at the end of study 1. *P Ͻ 0.01 vs. control (by Student's t-test) .
stimulating factor that specifically responds to RS might only exist in the lower gut, where RS ferments to produce SCFAs.
SCFAs directly increased proglucagon gene expression (Fig. 3 ) and PYY promoter activity (Fig. 4) in vitro. Fermentation of RS alters the large intestine environment by increasing the amounts of SCFA and lowering the pH in the large intestine. Three major SCFAs produced by fermentation are butyrate, propionate, and acetate. At concentrations similar to those obtained from cecal contents in RS-fed rats (23) , butyrate, propionate, and acetate directly stimulated proglucagon gene expression in STC-1 cells individually in a dose-dependent manner (Fig. 3) . Notably, when STC-1 cells were cultured in the same medium but with the pH of the medium adjusted from 7.5 to 6.0, the doseresponse effects for all three SCFAs were generally increased (Fig. 3) . In HEK-293 cells, the PYY promoter activity was dramatically increased by butyrate, propionate, or acetate in a dose-and time-response manner (Fig. 4) .
Glucose tolerance was improved in RS-fed diabetic mice (Fig. 5) . STZ-treated mice exhibited glucose intolerance compared with vehicle-treated mice after 5 h of fasting in the light phase. Dietary RS significantly improved glucose tolerance in the STZ-injected mice (Fig. 5) .
DISCUSSION
The day-long increased patterns of GLP-1 and PYY in study 1 indicate that dietary RS increases GLP-1 and PYY independently from feeding status of the rats or glycemic status of the diet. Study 2 shows that the higher proglucagon and PYY mRNA expressions in RS-fed rats are specifically detected in the cecum and colon, but not in the ileum, although the highest noninduced expressions for both genes are in the ileum. Therefore, the stimulating factors for GLP-1 and PYY might exist only in the lower gut, where RS ferments. Furthermore, the nonfermentable fiber control group had an expression profile similar to that of the controls, suggesting that a simple bulking effect of RS is unlikely to be the cause. Rather, the fermentation of RS in the lower gut is likely a stimulator for the increased expressions of proglucagon and PYY in RS-fed rats. The fermentation of RS changed the environment of the large intestine by increasing SCFAs and decreasing pH. Studies 3 and 4 provide direct evidence that fermentation products increase GLP-1 and PYY expression in vitro.
These results provide a possible explanation for the equivocal effects of fiber on regulating gut hormone and glucose homeostasis (19, 42) : "Not every kind of fiber is created equal." Only fermentable fiber increases GLP-1 and PYY. Besides dietary RS, several other types of fermentable fibers also increase plasma GLP-1 and PYY in animals and humans (20, 21, 29) . For example, oligofructose, another fermentable carbohydrate, stimulates GLP-1 secretion and improves glucose tolerance in a GLP-1-dependent manner (7-10, 14, 15).
Raben et al. (36) reported that dietary RS decreases plasma GLP-1 in human subjects. However, their test meal of RS was given to the subjects only once, and plasma GLP-1 was measured within the 5 h following the test meal. In such a short experimental period, RS has not been fermented to produce SCFAs, since the production of SCFAs usually requires 2-4 days in animals and humans. Additionally, they used a different control diet, which made immediate postprandial glycemia differences much more obvious between the control and the RS diet. Thus the decreased plasma GLP-1 is likely due to the immediate postprandial glycemic effect of an RS meal. Under our conditions, the effects of the overlap of fermentation from one meal to the next on GLP-1 production might overwhelm individual meal effects.
Furthermore, our data suggest that the continuous addition of fermentable fiber in the diet is another important factor for regulation of GLP-1 and PYY secretion. Because the microflora environment in the gut must have time to adapt to a new food source before the full effects of fermentation can take effect (12) , RS has to be consumed for a long enough time to allow fermentation to occur and to stimulate GLP-1 and PYY production. Additionally, any factors that affect fermentation of RS might also alter the stimulating effect of RS on GLP-1 and PYY production. For example, caution should be given for certain dietary and pharmaceutical modulations, diseases, or medical procedures that will change gut microflora. These modulations and procedures might influence the effectiveness of RS through interference with gut microflora and fermentation.
One limitation of our study is that total GLP-1 and PYY, rather than their active forms, were measured. Nevertheless, we expect that the active forms of GLP-1 and PYY should also be increased in RS-fed animals proportional to the total GLP-1 and PYY. 1) As long as the fermentation continues, SCFAs in the lower gut should be continuously liberated (30) and serve as stimulators for GLP-1 and PYY expression. 2) Despite an increase in production of GLP-1 and PYY, their degradations should be the same, inasmuch as DPP-4 activity is the same in control and RS-fed rats. This implies that the difference in GLP-1 between control and RS feeding is due to increases in production of the active form of GLP-1. 3) Dietary RS improved glucose tolerance in diabetic mice, which indicates an increase in the biological function of GLP-1 and PYY in these mice.
Levels of elevated GLP-1 and PYY are elevated to a lesser extent by dietary RS than by pharmaceutical means. Because GLP-1 and PYY have pleiotropic functions, the full scope of biological functions requires further investigations for the sustained elevated, subpharmaceutical levels of GLP-1 and PYY in RS-fed animals. In the present studies, glucose control was improved in RS-fed diabetic mice (Fig. 5) . However, dietary RS does not significantly change overall glucose and insulin levels in nondiabetic animals ( Fig. 1 ) (unpublished observations). Furthermore, although body fat accumulation decreased in all our RS-fed animals, anorexia was not observed in RS-fed animals (Table 1) , as described in our previous studies. The reduced food intake induced by exogenous injection of GLP-1 and PYY was only detected transiently (within hours) after injection and required high doses of GLP-1 and PYY (3, 34) : usually Ͼ40 nmol/kg for GLP-1 and 10 nmol/kg for PYY (1, 2, 33). Such high doses can transiently generate much higher plasma levels of GLP-1 and PYY than those associated with dietary RS. Thus the levels of GLP-1 and PYY in RS-fed animals might be below the effective dose for decreasing food intake. It has been reported that insulin action was improved by PYY at a dose lower than the dose that decreases food intake (41) . Glucose tolerance was also improved by endogenously released GLP-1 at a concentration lower than that achieved by exogenous injection at the dose that can produce a satiety effect. Thus the sustained elevated, subpharmaceutical level of GLP-1 might interact with the GLP-1 receptor located near the hepatic portal region to improve glucose tolerance in RS-fed animals (40) .
The unpleasant effects of fermentation are a concern when dietary fermentable fiber is used. In our studies, we used 30% (wt/wt) RS in rodent diets. RS-fed animals initially had soft feces, but the symptoms were generally ameliorated after a few days of adaptation. No other side effects were observed in RS-fed animals. Because human subjects have varying tolerances for fermentation, understanding the mechanism of increased GLP-1 and PYY by RS can provide insight for development of alternatives for patients who are less tolerant to dietary fermentable fiber.
The most effective treatment for obesity has been gastric bypass surgery, which also cures type 2 diabetes in Ͼ80% of patients (32) . Interestingly, after gastric bypass surgery, patients also have increased plasma GLP-1 and PYY levels (26, 32) , leading to the theory that the long-term effectiveness of gastric bypass surgery on obesity and diabetes is in part due to the increased gut antiobesity hormones. Compared with pharmaceutical agents and surgery, the endogenous increase of GLP-1 and PYY by dietary RS is simple, noninvasive, inexpensive, and reliable.
Finally, although the data from the present study and our previous studies confirm that dietary RS consistently increases GLP-1 and PYY in rodents, the time frame of measured increases is 1-12 wk. It is uncertain how long the stimulation and the improved glucose tolerance could last. Another fermentable fiber (guar) reportedly improves carbohydrate tolerance within the first 18 wk of usage, but the beneficial effects disappeared after 24 -64 wk (39) . Thus a human study that lasts Ͼ1 yr is needed for full assessment of the effectiveness of RS on GLP-1 and PYY secretion.
In conclusion, we provide strong evidence that dietary RS upregulates total GLP-1 and PYY in a sustained day-long manner in rodents. Such increases are associated with the fermentation of RS in the lower gut. Although the conclusions need to be confirmed in humans, any factor that affects fermentation should be considered when dietary fermentable fiber is used to stimulate GLP-1 and PYY secretion.
